ABSTRACT. A series of experimental studies was carried out as part of the Baffin Island Oil Spill (BIOS) Project to define the behavioural, physiological and biochemical reactions of three arctic marine benthic invertebrate species exposed to chemically dispersed crude oil. Behavioural responses and patterns of hydrocarbon accumulation and release observed in the bivalves and the urchin during the 1981 field spill were similar to those observed during the laboratory simulations. Ostial closure, loss of responsiveness to mechanical stimuli and narcosis were characteristic of the bivalves. Exposed urchins displayed a functional loss of tube foot and spine behaviour. Detailed hydrocarbon analysis indicated different uptake dynamics among the species. The effects of dispersed oil were immediate and short lived and resulted in temporary accumulation of hydrocarbons.
INTRODUCTION
While chemical dispersion of spilled oil has been used as a routine countermeasure in some parts of the world to protect biologically sensitive nearshore environments, there was little information available to evaluate the effectiveness and impact of dispersant use under arctic conditions. The Baffin Island Oil Spill (BIOS) Project was designed to address this problem. The biological and geochemical fate as well as the toxicity effects were monitored in both a chemically dispersed spill and an untreated surface spill (Sergy and Blackall, 1987) .
The field studies were successful in differentiating the shortterm effects of the dispersed oil spill from that of the untreated oil discharge, as described in other papers in this volume. However, the original BIOS field program was not designed to monitor the behaviour or physiology of the biota exposed to the spills in a controlled fashion. Similarly, field logistics could not provide the temporal consistency required to define the dynamics of hydrocarbon uptake and release in the affected biota. This study was carried out to define better the short-term effects of hydrocarbon exposure on biologically important benthic organisms from the arctic environment at Cape Hatt and to evaluate their behavioural and metabolic responses. Selection of the test organisms was based on their relative abundance, their importance in the Cape Hatt benthic community and their documented sensitivity to the 1981 spill (Cross and Thomson, 1981) . To maximize consistency between the original BIOS spill and the laboratory simulations, the study was conducted at the BIOS site using the same key species examined in the field spill and a exposure protocol indicated by the water chemistry data recorded in the immediate post-spill period (Green et al., 1982; Humphrey et al., 1987) . Concurrent studies on the behavioural, physiological and biochemical impacts over a range of additional oil exposure regimes are detailed elsewhere Engelhardt et al., 1984) .
MATERIALS AND METHODS
The study was carried out from August through September of 1982 and 1983 at Cape Hatt on northern Baffin Island at the site of the 1981 BIOS experimental spills (Sergy and Blackall, 1987) . The field laboratory was situated on Eclipse Sound, N.W.T. (72'28'N, 79'50'W) on the shore of one of the bays remote from the main spill site. The study was designed to duplicate normal physical and chemical characteristics of the spill area to the degree possible, while imposing a greater degree of control over experimental variables. 
Experimental Design
A flow-through system was constructed on-site using a battery of 50 1 aquaria with a continuous flow of sea water of 100 ml.min" per tank. Sea water was drawn from an offshore intake at an 8 m water depth where tidal effects were minimal (Buckley et al., 1987) . The flow-through system was temporarily interrupted in experimental and control tanks during exposure to oil, and individual circulating pumps were used to recirculate the total water volume to ensure continued and uniform exposure. Controls for each species were monitored concurrently. In 1982, both covered and uncovered tanks were used to compare potential losses of volatile fractions. Although this loss was not significant, in 1983 all tanks were covered with sheet glass during the dosing period. Temperature and salinity were measured regularly throughout the experimental period and were found (as means kS.D.) to be 4"+ 1°C and 24%ok3%0 in 1982 and 6"k 1°C and 26%0k3%0 in 1983. These conditions were in the range of temperatures and salinities recorded in the offshore water where the test species were collected. Natural but subdued lighting in the holding facility was maintained.
Of the three test species, two were filter-feeding bivalves, Mya truncata and Serripes groenlandicus, and the other a surface deposit feeder, the green sea urchin Strongylocentrotus droebachiensis. The animals were hand collected by divers in the waters of Milne Inlet at a depth of 7 m off the western shore of Ragged Island. This site was situated near Cape Hatt but in an area removed from the 198 1 experimental spill. The test animals were held in the flow-through sea water system for at least 7 days prior to the exposure studies. Mortalities during this acclimation period were less than 3%. Fresh seaweed (Laminaria sp.) and broken shell material were supplied regularly to the urchins during the pre-exposure period. S . groenlandicus was kept in a 10 cm layer of sifted and washed medium-grain beach sand, while both M. truncata and S . droebachiensis were held without sediment. During both years, test animals were of a medium-size range for each species: M. truncata were 4.3k0.4 cm, S . groenlandicus 4.3r0.6 cm, and urchins 4.6k0.6 cm. Holding densities in 1982 and 1983 were calculated not to exceed natural densities as identified in Cross and Thomson (1981) .
Exposure Protocol
Dispersed oil concentrations were prepared by dilution of a stock oilldispersant mixture. The mixture was prepared as a 25 000 mgskg" suspension by vortex stirring of the BIOS-stock aged Lagomedio crude oil (Dickins et al., 1987) with Corexit-9527 (1O:l) in sea water. All concentrations are expressed on a basis of weight of crude oil (Lagomedio density
The 198 1 hydrocarbon data collected from the bays and depth locations monitored during the spill were integrated and suggested the 6h/6h/6h dosing sequence. Hydrocarbon levels and sequences reported by Green et al. (1982) for the 18 h period following the dis rsed oil spill of Bay 9 were reproduced by the 10/100/5 mgakg' pe concentrationseries. The0.5/5.0/0.2 mgekg" concentration series approximated the 18 h post-spill levels observed in Bay 10, a site adjacent to the dispersed oil spill site. The three sequential 6 h dosing periods were followed by clearance periods of 7 and 21 days in 1982 and 1983 respectively. 0.9 gad").
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Behaviour Measurements
The behaviour of the test species was assessed according to the methodology established by Engelhardt et al. (1983) . Only those indexes judged to be both quantifiable and significant to the survival of the individual were selected (Table 1) . The responses were quantified on the basis of the proportion of the test population that exhibited a specific response at the given exposure. The time required for 50% of the initial population to show a measured behaviour change was used as the standard point of comparison (ET50). Either the life habit of the test species and/or the experimental conditions precluded the assessment of all of the initial population at some time intervals. Recovery was defined as the elapsed time at which the affected (Siegel, 1956 ) with olr0.05, was performed to test the difference in ET50 and recovery time between the control group and experimental groups for each observed behaviour. The Statistical Analysis System (SAS) frequency procedure was used to calculate the significance values from the Fisher Exact Test. All statistical manipulations were analyzed on the basis of time. The plots of each control and simulation comparison generated by the SAS plotting procedure were used to generate the ET50 values.
Metabolism Measures
Samples of control and experimental M. truncata and S.
groenlandicus were collected in 1983 at the onset of exposure (t =O), 18 h, 7 d and 14 d and analyzed for tissue enzyme activity and scope for growth elements.
Elements of scope for growth, assimilation, filtration, respiration rate and the activity of aspartate aminotransferase (AAT) and glucose -6-phosphate dehydrogenase (G-6-PDH) were measured for field populations, for laboratory control and experimental animals. Methods used to determine scope for growth of S. groenlandicus andM. truncata were similar to those used by Gilfillan et al. (1976) . Respiration rates were measured by a Gilson Differential Respirometer following an acclimation period. Filtration rates ( = clearance rates) were determined using standard culture techniques using Dunaliella tertiolecta as food source in 4 1 containers. Initial and final concentrations of the algae were measured using a Coulter Counter, model ZBI.
Assimilation efficiency was determined from the relationship between the organic fraction ingested and that excreted. Length and dry weight of the freeze-dried animals were recorded.
Differences in size between groups of experimental animals were normalized by expressing the data in terms of a "standard" animal or reference animal, since many rate functions of marine poikilotherms are known to vary logarithmically with body weight. The relationship between the logarithm of the animal's dry weight and either the volume of oxygen consumed or the volume of water filtered was used to calculate these functions for a standard animal of a specified size (Ansell and Lander, 1967; Gilfillan et al., 1977) .
Scope for growth for the test animals using standard values in carbon units for respiration and filtration was calculated. A standard value of 0.85 was assumed for the animals' respiratory quotient (R.Q..), being typical for an invertebrate animal metabolizing a mixture of fat and carbohydrates. The amount of carbon respired in pg.h" was calculated as 0.42 X plO2 consumed per hour. The physiological rates of undisturbed animals were calculated on the basis of the mean of the above physiological parameters, as measured in three wild populations and in unexposed animals used as controls during the exposure tests. They are expressed as the t = 0, or control, rate.
The amount of carbon consumed by the animals (gross carbon) was calculated as the filtration rate of the standard animal in 1-h" X 500 pg C.1" (mean concentration of carbon in food samples). The constant for the amount of available food was equal to the concentrations observed in the test water and facilitated comparison of data among sampling dates; it did not introduce an error in interpretation. Net carbon uptake was
calculated as gross carbon X assimilation ratio. Scope for growth was calculated as net carbon minus respired carbon. The AAT and G-6-PDH enzymes were considered useful indexes because they mediate in vivo transfer of energy reserves. Animals to be used for enzyme analysis were frozen in the field within three hours of collection time. Freshly thawed tissue from two or more individuals was combined with three parts w/v of ice-cold Tris/EDTA buffer solution and then ground thoroughly in a Virtis homogenizer. This preparation was centrifuged at 11 OOO g at 4°C and the supernatant was used as the crude enzyme extract for immediate analysis. Protein content of the extraction was determined by the Biuret test using bovine serum albumen as a standard. The extraction procedure and the method for the assay of G-6-PDH activity was derived from Gould (1977) . The assay for AAT was adapted from Thurberg et al. (1977) . Each enzyme assay was performed in triplicate. An exponential regression analysis was carried out to correlate metabolic data (SFG, AAT, G-6-PDH) with tissue burden of hydrocarbons.
Hydrocarbon Analysis
Sample preparation, extraction and analysis used methods similar to those of other BIOS studies (Boehm et al., 1982a,b; Cretney et al., 1987; Mageau and Engelhardt, 1984) . Samples of aquarium water were taken at mid-depth at 2 h intervals for each exposure series. Samples of the test organisms were taken at random for tissue hydrocarbon analysis at 6 and 18 h during all exposure periods and at the end of each clearance period. Additional samples were taken to duplicate the 1981 field sampling scheme in the 1982 experiments at 36 h, 3 d and 7 d and in 1983 also at 21 d into the clearance period. Water samples collected from the exposure tanks at the beginning, at 2 h intervals, at the end of each exposure and during the clearance period were analyzed immediately by ultraviolet (UV) fluorometry. Dispersed Lagomedio crude was used for calibration. All readings were carried out in the linear range of the fluorescence calibration, at times necessitating dilution of test samples with local sea water. Duplicate samples were found to be within 5%. Analysis of hydrocarbon levels in water over the 6 h exposure confirmed that the real concentrations were as designed. Selected tissue samples were extracted for gas chromatographic analysis of total and fractional hydrocarbon burden. The remainder were analyzed for total hydrocarbon residues by UV fluorescence. The soft internal tissue of urchins and the visceral tissue from bivalves were removed from five individuals of each species. The tissues were pooled as a single sample for each species for each time period.
RESULTS
Behavioural Responses
An extreme sensitivity of M. fruncata to external disturbances other than oil, probably a physical disturbance, masked the behavioural responses. Ostial closure, the most sensitive response of M. truncata exposed to Bay 9 simulations, was of short duration. Similarly, retraction of the siphon was only observed during the exposure period. Normal siphonal attitude resumed at the onset of the clearance period. Exposure to Bay 10 simulations did not affect the behaviour of this bivalve, and no mortality was recorded during either Bay 9 or 10 laboratory simulations (Table 2) . Indicates that maximum response was shown by less than 50% of starting population, generally 2 0 4 % .
A -1982 data. B -1983 data; no stimulus data including confiition of lethality recorded because tanks were continuously covered. ET50 -Time from start of exposure at which one-half of the starting test population showed the index response.
Ostial closure and siphon retraction in S. groenfundicus occurred almost immediately after exposure. Forceful closure of valves and marginal shell surface damage were characteristic responses to the Bay 9 simulations. The shell damage resulted from tight apposition of the valves and included pinching of the extruded foot. These responses were observed less frequently during the Bay 10 simulation. Emergence from sediment, temporary narcosis and gaping of the mantle were noted for S. groenfundicus during both simulations (Table 2) . Biphasic responses were noted for mantle gape and foot protrusion during the Bay 9 simulation. The second onset of the behavioural response was latent, occurring after the exposure period.
Longer delays in recovery and reburial times occurred in the Bay 9-type exposure than in the Bay 10 simulation. The Bay 9 exposure also resulted in an increased locomotion in S. groenfundicus. Saltatory locomotion occurred when the extended foot contacted the sediment and straightened rapidly to propel the bivalve through the water. This locomotion was noted in those animals that were at the sediment surface at the onset of the exposure, as well as in previously buried animals during the latter phases of the sequential exposure. Locomotion was only rarely observed during the pre-exposure period. No lethality was recorded in either Bay 9 or Bay 10 simulations.
Strongyfocentrotus droebuchiensis displayed a broad range of behavioural responses. An apparent impairment of tube foot functions resulted in the loss of covering material (Fucus sp. and shell fragments) and in an inability to remain attached to the substrate. Curling and retraction of aboral tube feet were exposure dependent and occurred earlier in the Bay 9 simulation than in the Bay 10 simulation. Recovery of all normal tube foot responses was delayed longer in the Bay 9 simulation.
Although changes in spine attitude were observed in urchins from both sequential exposures, recovery of normal spine attitude was delayed by 13 days in Bay 9 urchins as compared to Bay 10 animals. Drooping of aboral spines was noted during both the 1982 and 1983 experiments, but the pincushion effect characteristic of the "spine rigidity" index was notably absent in 1983. In general, spinal responses recovered more rapidly than tube foot responses. An additional difference in behaviour between 1982 and 1983 tests was that the 1982 simulations resulted in frequent shedding of gametes by the urchins within two days of exposure to oil. This shedding was not found to be common in controls and was not observed at all in the 1983 tests.
Metabolism
Myu truncutu exposed to dispersed oil proved to be a difficult subject in which to monitor physiological effects. For example, the sensitivity of the organism to outside disturbances prevented the reliable measurement of pre-exposure respiration and assimilation rates. As a result, no post-exposure data for M. truncutu are reported.
Serripes groenfundicus exposed to both the Bay 9 and Bay 10 simulations showed a reduction of scope for growth due to a decreased filtration rate combined with an increased respiratory loss (Table 3) . Scope for growth elements had not recovered to control levels 14 days after exposure in the Bay 9 sequence. The Bay 10 animals experienced a lesser decrease in filtration and respiration activity and returned to control levels within this period. Although these elements of scope for growth were reduced following exposure, the amount of carbon available to 
ASSIM -Assimilation (efficiency S).
FILT -Filtration rate (l.h-'). RESP -Respiration rate (11.1 O2 consumed&'). AAT -Aspartate aminotransferase (0,001 activity units.mg protein".min"). G6PDH -Glucose-6-phosphate dehydrogenase (0.001 activity unitsmg proteidmin").
the animal had returned to control levels by the end of the clearance period. Enzymatic activities of animals exposed to Bay 9 spill conditions had greatly increased following oil exposure but returned to control levels within 14 days. Bay 10 animals, however, experienced a reduction in the activities of both enzymes following exposure to dispersed oil; this activity had returned to control levels within 14 days.
The physiological character of control populations of S. groenfundicus changed very little over time; enzyme activity levels remained stable for the first 7 days, while experimental animals had undergone filtration, respiration and enzyme activity rate changes within that period.
Tissue Hydrocarbons
Petroleum hydrocarbons were present in tissue samples after both experimental exposures (Table 4) . After 6 h exposure to the groenlundicus contained similar levels of hydrocarbons, 66 and 60 mg-kg" respectively. These levels continued to increase throughout the exposure period, reaching a maximum of 700 mg.kg" after 18 h. Although hydrocarbon levels in tissues of M. truncutu dropped more rapidly than did those of S. groenlundicus during the first 3 days of the clearance period, they 
"Analyses by UV fluorescence (except as noted 6 by gas chromatography). bAnalyses by gas chromatography. 'Average values (+standard error) measured by gas chromatography (N = 6 or less).
' Tank covered by sheet glass.
decreased to 10 mgakg" or less in both bivalves within 21 days. Exposure to the lower concentrations of the Bay 10 simulation resulted in a similar pattern of accumulation in both bivalves.
However, after 21 days of clearance, M. truncutu tissues retained hydrocarbon levels of 7 mg.kg", whereas S.
groenlundicus tissues contained 22 mg.kg". As compared to the filter-feeding bivalves, hydrocarbon uptake in S. droebachiensis during the Bay 9 exposures was delayed. During the 1982 Bay 9 simulations, hydrocarbon levels in urchins were 135 mgekg" at the end of the 18 h exposure period and 430 mgekg" by 7 days. Levels attained in tissues of urchins exposed to the Bay 10 simulation were substantially less, reaching 220 mgakg" at day 7. In the 1983 Bay 9 simulation experiment uptake was slower, with a maximum of 16 mg-kg" reported at day 3 in s. droebachiensis. Levels decreased to near control by 2 1 days. The gas chromatographic analysis of tissues from S. droebuchiensis exposed to the 1983 Bay 10 simulation revealed the presence of only trace amounts of petroleum aromatics, and no significant overall uptake of oil was evident.
No petroleum was detected in any of the control animals by UV fluorescence (detection limit of 0.5 mg.kg"), while gas chromatographic traces revealed only the presence of biogenic hydrocarbon components. Tissues of all three species were analyzed by GUMS for the presence of individual aromatic hydrocarbons and revealed trace levels, 1-3 ng.g" of phenanthrene and methylphenanthrene.
Saturated hydrocarbon weathering (SHW), alkanehsoalkane (ALWISO) andphytane/n-C18 ratios (effectivelybiodegradation ratios) were calculated from the gas chromatographic data. The pristane/phytane ratios (indicating the amount of biogenic pristane present relative to the petrogenic phytane) were also calculated ( Table 5 ) . Although changes in hydrocarbon compositional ratios occurred in all species following exposure, they are particularly evident in the bivalves. The SHW ratio in M. truncutu and S. groenlundicus tissues increased with oil exposure and reached maximal levels at the end of the 18 h sequential exposure. The ALWISO ratios decreased from the 18 h maxima to low values by day 21 of the clearance period.
Pristane/phytane ratios were markedly lower in tissues of both bivalves than they were in the controls following exposure to dispersed oil. This level was maintained throughout the clearance period. Conversely, the phytane/nC18 ratio showed a strong increase, but only in the 7 and 21 d samples taken during the clearance period. Gas chromatographic analysis of M.
truncutu exposed to the Bay 9 simulation indicated that relatively unweathered (SHWR = 1.7) undegraded (ALWISO = 1.9, Phy/C18 -0.65) oil was found in the tissue at the end of the exposure period t = 18 h. Fractional analysis of oil in S. groenlundicus during this period indicates that the saturated and aromatic components were more substantially weathered. Weathering and degradation of the petroleum components was evident at days 7 and 21 with the increase in ALWISO and decrease in Phy/C18 ratios.
Both aromatic and saturated hydrocarbons were taken up in approximately equal amounts by the bivalves exposed to the Bay 9 and Bay 10 simulations ( Table 5 ) . In 1982 hydrocarbon accumulation in S. droebachiensis continued to increase into the post-exposure period (Table 4) clearance period. This accumulation was characterized by a preferential uptake of the aromatic fraction. The 1983 data for urchins yield no interpretable results because of the low hydrocarbon uptake. Aromatic hydrocarbon initially acquired and retained by both bivalves at 18 h consisted of large quantities of alkylated benzenes and naphthalenes. The lighter aromatic fraction was subsequently depurated, leaving alkylated naphthalene, phenanthrene and dibenzothiophene fi -Aromatic hydrocarbon fraction.
SHWR -Saturated hydrocarbon weathering ratio.
ALK/ISO -Ratio of n-alkanes to isoprenoid alkanes. PridPhy -Ratio of pristane to phytane.
Phy/n-C18 -Ratio of phytane to n-CI8.
components. Similar compositional trends were detected in tissues of the test species exposed to the Bay 10 simulation. However, after 21 d, substantial quantities of light aromatics (alkyl benzene and naphthalene components) remained in S. groenlundicus at 21 d, as compared to the Bay 9 animals and to M. truncuta from Bay 10.
S. groenlundicus exposed to the higher concentration of the Bay 9 test interrupted filtration activity prior to 18 h, whereas filtration activity during the Bay 10 simulation was not interrupted and body burdens continued to increase during the exposure period (Table 6 ). The difference in filtration activity is further reflected by the exponential regression analysis, which clearly indicates a high degree of interdependence between SFG, AAT and G-6-PDH in S. groenlundicus with body burden of aromatic hydrocarbons in the Bay 10 simulation.
Both 1981 field data (Boehm et ul., 1982b) and 1983 tank experiment data are presented in Table 7 .
The patterns of hydrocarbon accumulation and release observed in the tanks reflect those observed during the field spill. When the results are ordinated in a time sequence irrespective of the field or laboratory origin, a clear trend for depuration over time is apparent.
DISCUSSION
Behavioural and Physiological Responses
The results of the behavioural, metabolic and biochemical components of this study support the summary conclusion of the BIOS field program, namely, that "the use of chemical dispersants in coastal areas [arctic] can be an environmentally acceptable counter-measure" (Sergy, 1986:22) . The two-year post-spill monitoring program did not detect large-scale mortality of benthic biota in the field or any significant changes in infaunal community structures (Cross and Thomson, 1987) . The present study has indicated that the sharp increase in water-soluble and dispersed hydrocarbons that resulted from the application of dispersants produced an immediate but shortterm effect on the subtidal benthos. This exposure temporarily affected behavioural and physiological functions, but recovery occurred within two weeks for the most part.
Behavioural responses of the bivalves exposed to Bay 9 and Bay 10 simulations confirmed the range and intensity of behavioural effects recorded by divers during the 1981 field spill (Cross and Thomson, 1981) . M . truncata and S.
groenlandicus initially responded to the apparently noxious stimulus of dispersed oil from the Bay 10 simulation by rapid ostial closure. This temporary response offered the bivalves a short-term survival advantage by arresting water flow, filtration and therefore oil input. This ability to interrupt filtration, the loss of response to mechanical stimuli and the onset of narcosis have been documented for a number of bivalves (Hargrave and Newcombe, 1973; McManus and Connel, 1972) . Percy and Mullin (1975) observed a similar suspension and later resumption of feeding activity in Yoldiellu intermediu and postulated a direct dose-response relationship between the concentration of oil and the duration of the interruption.
S. groenlandicus exposed to the Bay 9 conditions suspended 169 filtration activity and consequently accumulated less hydrocarbon in their tissue than did the bivalves exposed to the Bay 10 simulations, which continued to filter ( Table 6 ) . A lower filtration rate of 0.204 1.h" reported by may serve to minimize hydrocarbon uptake in M . truncata as compared to S. groenlandicus, which has a markedly higher baseline filtration rate. While the rate of hydrocarbon accumulation uptake is dependent upon the clearance rate, the relationship between the filtration and depuration rates is less clear.
Emergence from the sediment was the only behavioural response noted during the exposure to the lower hydrocarbon levels of the Bay 10 simulation. This response, shell and mantle gape and narcosis were predominant in S. groenlandicus during the latter phases of the Bay 9 simulation. These stress-induced responses and the exposure of soft mantle tissue resulting from shell damage and narcosis may be of importance to the survival potential of the bivalve in the field. This susceptibility to predation would be compounded by the bivalve's inability to respond to tactile stimuli, further limiting normal escape responses. It is probable, however, that in a real spill situation these narcosis-like responses would be short lived, as evidenced by the situation reported in Bays 9 and 10 following the 1981 field spill at Cape Hatt (Cross and Thomson, 1987) . Similarly the Searsport experiment did not report lasting physiological effects caused by the dispersed oil spill. It is not possible to compare the sensitivity of the Searsport organisms Mya arenaria and Mytilus edulis to M . truncata and S. groenlandicus. No samples were taken at Searsport prior to 7 days post-spill, whereas the major effects noted during the BIOS spill simulations were observed within 2 days.
The stress-related behavioural changes observed in S.
groenlandicus exposed to the Bay 9 simulation corresponded to disruption of metabolic functions, including a reduction of carbon flux, an increase in respiration rate, changes in enzyme activities and the interruption of filtration activities. Although not critical to immediate survival, these physiological alterations, combined with the oil toxicity, are thought to impair natural survival potential of bivalves in areas of low food availability (Thomas, 1977) .
Work by Dunning and Major (1974) documented the stimulation of metabolic functions in Mytilus edulis chronically exposed to selected oil fractions, Demonstrated effects included a pronounced negative energy balance as well as a significant reduction in shell growth, tissue weight, nutrient storage and gonadal development. Although not all of these effects were noted during this study, significant reductions in scope for growth of S. groenlandicus were recorded during the Bay 9 and Bay 10 simulations. Comparison of SFG results for S. groenlandicus exposed to the greater exposure of the Bay 9 simulation with those from the Bay 10 simulation indicate a twofold reduction in the scope for growth.
Evidence of in vivo biodegradation of petroleum residues was noted in bivalve tissues in these tank simulations, confirming Boehm et al.'s (1982b) earlier hypothesis concerning the retention of hydrocarbons in the gut of Cape Hatt bivalves and their rapid biodegradation. There is no conclusive evidence to determine whether this biodegradation was mediated by microflora in the gut of the animal as opposed to active metabolism by the animals themselves.
The reliance of echinoderms on a water-vascular system and their omnivorous feeding habit make them susceptible to both water-borne and sediment-borne contaminants. Yet, few studies have examined their physiological and metabolic responses to oil exposure. North et al. (1964) reported tube foot debilitation in urchins exposed to low hydrocarbon concentration, while Yentsch et al. (1973) reported increased respiration rates in S. droebachiensis exposed to crude oil extracts.
The rapid distribution of hydrocarbons by the water vascular system would generalize the narcotic effects of hydrocarbons to cause behavioural inhibition of tube feet and spines. Although interruption of water flow was not verified, tube feet changes alone suggest ultimate impairment of the hydrostatic system. Altered spinal attitude consisting of spine droop or spine rigidity was noted during both simulations and is indicative of a neuromuscular effect initially narcotic in nature. While spine droop may increase damage potential and predation, spine rigidity is believed to counter that effect but at the same time enhance the potential for physical displacement by currents. The spine control system and responsiveness to stimuli recovered more quickly than did the tube foot responses, which also suggests that two different physiological systems were affected by exposure to oil.
Behavioural responses of S. droebachiensis to the sequential dosing correlated well with divers' observations of the urchins at the site of the BIOS spill. Loss of adherence, narcotization, free passive displacement in currents and a decrease in the number of individuals in the spill area were all reported at that time. The natural repercussion of the early loss and slow recovery of tube foot functions could include increased susceptibility to predation, physical damage and removal from habitat and food sources. An additional behavioural effect related to the hydrocarbon narcosis was noted by Rice et al. (1983) in echinoderms that failed to respond to chemicals released by Prey.
Hydrocarbon Uptake
Differential uptake of hydrocarbons was apparent among the species; M. truncata and S. groenlandicus retained both the aromatic and saturated compounds but quickly depurated the lighter aromatics. The urchin, however, preferentially retained aromatic fractions of petroleum and released the saturated compounds. Early differential uptake of volatile hydrocarbons such as water-soluble alkyl benzenes by S. droebachiensis are thought to result in the initial narcosis and debilitation of tube foot functions. Unlike the bivalves, however, urchin tissues continued to accumulate hydrocarbons long beyond the 18 h exposure period. The source of these hydrocarbons is thought to be the accumulated residue on the urchin test, which probably was taken up throughout exposure and recovery periods. This continued uptake may serve to explain the delayed mortality of oil-exposed urchins observed in other experiments testing higher levels of oil exposure Engelhardt et al., 1984) .
Differences were noted in behavioural responses and in hydrocarbon uptake patterns of S. droebachiensis sampled in 1982 and 1983 as related to the "spine rigidity" index and tissue hydrocarbon levels. These differences in hydrocarbon uptake trends may be related to a difference in reproductive maturity among years. Shedding and fully ripe gonads were observed in the 1982 experimental animals, collected in August-September, indicating that the population was tested during its spawning cycle. Diver reports confirm a May spawing cycle in 1981, but no definitive statement can be made as to the 1983 population.
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Gonadal tissue, known to absorb and retain high levels of hydrocarbon (Stegeman and Teal, 1973) , was, however, undeveloped in 1983 urchins. Therefore the non-gonadal soft tissue of S. droebachiensis constituted a relatively poor reservoir for hydrocarbons.
CONCLUSION
Behavioural responses indicate that M. truncata is tolerant of some exposure to dispersed oil in spite of increased hydrocarbon body burdens. Behavioural changes were marked in S. groenlandicus exposed to both Bay 9 and 10 laboratory simulations, that is, both high and low exposure levels. Metabolic functions and hydrocarbon uptake appeared to be related to exposure levels. Suspension of filtration activity, emergence from burial in sediment, heavy body burdens of hydrocarbon and narcotization are all likely to have a short-term effect on the potential for survival and physiological equilibrium of the individual animal.
The urchin S. droebachiensis was the most overtly affected of the three species. Temporary impairment of the water vascular system, of the neuro-vascular system and narcotization were the most significant behaviouraVphysiologica1 disruptions during both Bay 9 and 10 spill simulations. It is expected that these debilitating effects would impact an oiled urchin community only for a short time.
